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.2013.04.Abstract This work presents the kinetic study of the convective drying of Tunisian spearmint in
two manners. The traditional protocol which consists in carrying out drying experimental tests at
constant temperatures 40–45–50–55 C and a new protocol which consists in carrying out these tests
at variable temperatures in an increasing and decreasing way between 40 C and 55 C. All the
experimental drying curves show only a falling drying rate period. The main factor in controlling
this rate is found to be the drying air temperature. The mode at variable temperatures in an
increasing way is more performant and more efﬁcient than the mode at decreasing way or at
constant temperature. These experimental curves are ﬁtted to a number of mathematical models.
The Midilli–Kucuk drying model is found as the best model which suitably follows the drying
curves of spearmint. The characteristic drying curve of spearmint is determined and compared with
the modes at variable temperatures. Those at constant temperature and increasing temperature are
very close with a correlation coefﬁcient (R2) of 0.8 and Chi-square (v2) of 0.014, whereas the
decreasing mode is a little distant due to the problem of rehumidiﬁcation at the drying end. Initial
moisture has a great inﬂuence on a characteristic drying curve.
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Nomenclature
a, b, c coefﬁcients
CDC characteristic drying curve
(dX/dt) drying rate at any time of drying (kg water/kg
dry matter min)
(dX/dt)in initial drying rate (kg water/kg dry matter min)
F dimensionless drying rate
g, k, k0, k1, n Coefﬁcients
Mh mass of wet matter (kg)
MR dimensionless moisture
R correlation coefﬁcient
Rh relative humidity (%)
T drying air temperature (C)
t drying time (min)
V air velocity (m/s)
Xcri critical moisture content (kg water/kg dry matter)
Xeq equilibrium moisture content (kg water/kg dry
matter)
Xf ﬁnal moisture content (kg water/kg dry matter)
Xin initial moisture content (kg water/kg dry matter)
v2 reduced chi-square
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Latin mentha who derived from the Greek mintheˆ. It comes
from a vast area including the North of Africa, the Mediterra-
nean basin and the West of Asia. Among, the types of mint in
Tunisia the most used is the spearmint or soft (Mentha viridis
or spicata). Known for a long time in the Arab countries, soft
mint is characterized by its green color which is different from
the other mint species. With lengthened form, its sheets are of
a spring green, deeply nervured, with much closer veins. Its cen-
tral vertical stem can reach 30–60 cm height. At the end of each
stalk ﬂowers a long ear carrying tiny white ﬂowers tinted of
mauve or pink is seen. The vegetablematerial used in the biolog-
ical parcel of its birth originates from the traditional oasis of
Gafsa (rhizomes grisaˆtre). Any production intended for export
is in the form of dried vegetable matter.
The spearmint (Mentha viridis) is a plant rich in essential
substances called ‘‘active ingredients’’: essential oils. . .etc. This
richness and this diversiﬁcation in the molecular composition
of mint make it an excellent aromatic and medicinal plant. Be-
sides its properties as tonics, stimulants, digestives and analge-
sics, this plant is very much used in pharmaceutical
manufacturing. Its ﬂavor allows this plant to be used in per-
fumery and confectionery industries.
Dehydration by drying of mint is a traditional method but
very widespread for its preservation in order to obtain a new
product which, thereafter, will be used in perfumery, confection-
ery and pharmaceutical manufacturing. Generally, the knowl-
edge of the behavior and the determination of the
characteristics of drying product are obtained through experi-
mental tests. Many researches on the mathematical modeling
and experimental studies have been conducted on the drying
processes of various products such as carrots (Kaya et al.,
2009), aromatic and medicinal plants (Kavak Akpinar, 2006),
apricot (Igual et al., 2012), pistachios (Midilli and Kucuk,
2003), apples (Akpinar, 2003), ﬁgs. (Doymas, 2005), the lemonaurantium (Ait Mohamed et al., 2005), kiwi (Simal et al.,
2005), mint, parsley and basil (Kavak Akpinar, 2005), herbs
and spices (Janjai and Tung, 2005). All this research proved that
the drying air temperature is the main factor in controlling the
drying rate. Few works on the drying of mint, except that of
Kouhila (Kouhila et al., 2001) who determines its isotherm of
sorption and its characteristic drying curve andKavakAkpinar,
(2005), who ﬁnds that theModiﬁed Page (I) model satisfactorily
describes the behavior of mint during direct solar drying. How-
ever, there is no information about drying experimental tests un-
der variable temperatures of spearmint in the literature.
The main objectives of this study are to
 Study the convective drying kinetics of Tunisian spearmint
under constant drying temperatures.
 Determine the characteristic drying curve of spearmint and
to ﬁt the drying curves with 13 mathematical models.
 Study this convective drying kinetics of spearmint under
variable temperatures in an increasing and decreasing way
and to compare its drying curves with those of the tradi-
tional protocol at constant temperatures.
2. Experimental study
2.1. Materials and methods
The experimental device, equipped by suitable measuring
instruments for the study of the spearmint drying kinetics, con-
sists of a blower with controlled atmosphere which makes it
possible to have an air ﬂow with adapted aerothermic charac-
teristics and which can be varied from one test to another.
It is about a blower with humid air rise on a chassis, in
which one can control at the same time air temperature, veloc-
ity and moisture. This blower of laboratory of the Research
Figure 1 Diagram of the aerothermic blower to controlled
atmosphere. 1. Electrical equipment box 2. Ventilator 3. block of
resistances 4. Thermo hygrometer 5. anemometer 6. Thermocou-
ples 7. overhead projector 8. Product 9. chains of acquisition HP
10. balance 11. Computer.
Kinetic study of the convective drying of spearmint 3center and Energy Technologies (CRTEn) of Borj Ce´dria, is a
kind of tunnel convective dryer functioning completely in elec-
tric power. The details of this device are described in Fig. 1.
The measurement of the temperatures is obtained by type
Chromel/Alumel thermocouples with diameter 1 mm and an
accuracy of ±0.5 C. The inlet relative humidity is measured
by a thermo-hygrometer using a probe with digital display
(Testo mark) and an accuracy of ±2%. The ﬂow rate of air
is measured by a hot wire anemometer with digital display
placed at the exit of the aeraulic aspiration conduct just below
the ﬁrst tray of the dryer, with an accuracy of ±0.2 m/s. Mois-
ture loss of aromatic plant is recorded during drying for deter-
mination of drying curves by digital balances with an accuracy
of ±0.001 g. In order to determine the dry product mass Ms,
the dry samples out of blower are then placed in a controlled
drying oven which temperature is ﬁxed at 90 C during 6–7 h.
In order to determine the characteristic drying curves, we
use the aerothermic blower by ﬁxing the conditions of inlet
air. The sheets of spearmint to dry are dismantled stems.
The samples are then weighed uniformly and regularly distrib-
uted in a cage placed on the balance. The method of measure-
ment consists in following the moisture loss with this precision
balance placed just below the air ﬂux. The initial mass is 100 g
for all the tests. In order to ensure a better stability of the dry-
ing conditions and a homogeneous temperature inside the
dryer, the whole of equipment must function at least half anTable 1 Mathematical models applied to the drying cu
Model numbers Name of the model
1 Newton
2 Page
3 Modiﬁed page (I)
4 Modiﬁed page (II)
5 Henderson and Pabis
6 Logarithmic
7 Two term
8 Two term exponential
9 Wang and Singh
10 Approximation of diﬀusion
11 Modiﬁed Henderson and Pabis
12 Verma et al.
13 Midilli–Kucukhour before the introduction of the charged trays into the dry-
ing room. Measurement at the moment t gives us the humid
mass of the product Mh(t). The experiment of drying is
stopped when three successive measurements of the mass dis-
play a difference not exceeding 0.5 g.
The ﬁxing of drying temperature is obtained by ﬁxing the air
velocity on the level of two resistance heating blocks. The air veloc-
ity corresponding to the drying temperature is given before each
drying test. During each drying experiment at constant tempera-
ture the weight of the products was measured every 5 min at the
beginning of the experiment and at 15 min at the end. These mea-
sureswere undertaken in the case of experiment at variable temper-
ature every 2 min at the beginning and at 5 min at the end.
According to the study of drying curves at constant temper-
atures, the duration to reach drying deceleration phase, was ta-
ken as the period of drying for each temperature in the case of
the drying experiments at variable temperatures.
In the majority of published works on the drying agro-ali-
mentary products, the drying temperature is the key factor
which controls the drying kinetics. That is why our drying ki-
netic study of spearmint is limited to the inﬂuence of the tem-
perature taken constantly in a traditional drying protocol,
then, may be for the ﬁrst time, at a variable temperature in
an increasing and decreasing way.
2.2. Mathematical models
The dimensionless moisture MR= (X  Xeq)/(Xcry  Xeq) is
replaced by (X  Xf)/(Xin  Xf) and the dimensionless drying
rate by F= (dX/dt)/(dX/dt) in, due to the continuous ﬂuc-
tuation of the relative air humidity during drying.
For mathematical modeling, 13 expressions in Table 1 are
tested to choose the suitable model with the drying curve of
spearmint. For the analysis of tendency, the program Profes-
sional Origin 6. is used. The correlation coefﬁcient (R2) is
one of the primary criteria for selection of the best equation
to deﬁne the solar drying curves of spearmint. In addition to
(R2), the reduced chi-square statistical parameter v2 is used
to determine the quality of the ﬁt (Doymas, 2005).
3. Results and discussions
The principle of the experiment consists in ﬁxing the tempera-
ture by acting on the air velocity for each test. We let therves Doymas (2005).
Expression
MR= exp (kt)
MR= exp (ktn)
MR= exp ((kt)n)
MR= exp ((kt)n)
MR= aexp (kt)
MR= aexp (kt) + c
MR= aexp (k0t) + bexp (k1t)
MR= aexp(kt) + (1  a)exp(kat)
MR= 1+ at+ bt2
MR= aexp(kt) + (1  a)exp(kbt)
MR= aexp(kt) + bexp(gt) + cexp(ht)
MR= aexp(kt) + (1  a)exp(gt)
MR= aexp (ktn) + bt
Table 2 Drying conditions during tests.
T (C) V (m/s) Rh (%) Xin (kg H2O/kgdm) Xf (kg H2O/kgdm) t (min)
40 1.5 24.24 8.8814 1.1442 320
45 1.2 17.42 8.2850 0.9127 315
50 1 12.28 5.1652 0.177 245
55 0.8 9.39 4.8411 0.1261 220
Increasing from 40 to 55 1 18.86 6.8064 0.23575 235
Decreasing from 55 to 40 1 26.38 5.5402 0.5297 320
4 M. Ayadi et al.system be stabilized for approximately half an hour and then
the product is introduced into the air ﬂux. At this moment,
we start to follow the evolution of the humid mass Mh.
The tests are carried out for four air drying temperatures
(40, 45, 50 and 55 ± 1 C) then, by drying at increasing air
temperatures, i.e. (40 C until 55 C) and at decreasing air tem-
peratures, i.e. (55 C until 40 C). The drying conditions dur-
ing their tests are mentioned in Table 2.
3.1. Drying curves
Figs. 2 and 3, which represent the moisture content and the
drying rate versus drying time, respectively, show only the
presence of a falling drying rate period (phase 2) and where
this phase is enormously inﬂuenced by the drying air tempera-
ture. A higher drying air temperature produces a higher drying
rate and consequently a weak drying time. This is due to theW
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Figure 2 Evolution of the moisture content with drying time.
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Figure 3 Evolution of drying rate with drying time.increase of the air heat supply to the product and the acceler-
ation of the water migration inside the spearmint. These results
are compatible with the drying literature.
In Figs. 4–6, the addition of the curves of the moisture con-
tent and drying rate at variable temperatures with those at con-
stant temperatures, show without any doubt that drying at
variable temperatures is more efﬁcient than that at constant
temperatures; this is very evident in the case of an increasing
temperature and less evident in the case of a decreasing tem-
perature especially at the end of drying due to the problem
of very visible rehumidiﬁcation on its shape. It is concluded
that during drying at increasing temperature, the stimulations
during the change of temperature create an acceleration of the
phenomenon of evaporation, so a highest drying rate with a
weakest ﬁnal mass and drying time is observed.
3.2. Tendency of drying curves
For all the tests carried out at constant or variable tempera-
ture, the data of the dimensionless moisture versus time are
adapted to 13 drying models (Table 1). The results show that
the highest correlation coefﬁcient (R2) value and the ‘weakest
chi-square’ v2 value are always obtained by the Midilli–Kucuk
drying model. The coefﬁcients of this drying model are pre-
sented in Table 3. The equation of this model is the most
appropriate model, which suitably follows the drying curves
of spearmint at constant or variable temperature. For the dry-
ing tests at constant temperature, the Midilli–Kucuk coefﬁ-
cients given as a function of the drying temperature are
determined in the equations below (Eqs. (1)–(4)).W
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Figure 4 Evolution of the moisture content with drying time of
spearmint.
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Figure 5 Evolution of drying rate with drying time of spearmint
at increasing and constant temperatures.
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Figure 6 Evolution of drying rate with drying time of spearmint
at decreasing and constant temperatures.
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Figure 7 Dimensionless drying rate versus moisture ratio of
spearmint under constant temperatures T= 40–45–50–55.
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Figure 8 Dimensionless drying rate versus moisture ratio of
spearmint under increasing temperatures.
Kinetic study of the convective drying of spearmint 5a ¼ 6:40163 0:31813Tþ 0:00616T2  3:92105T3 ð1Þ
k ¼ 1:49365þ 0:12232T 0:00309T2 þ 2:49733105T3 ð2Þ
b ¼ 0:11604þ 0:00739T 1:556104T2 þ 1:08106T3 ð3Þ
n ¼ 25:89022 1:79971Tþ 0:04203T2  3:20347104T3 ð4Þ
These four expressions (Eqs. (1)–(4)) have well predicted the
dimensionless moisture of spearmint at four constant temper-
atures 40, 45, 50 and 55 C with (R2) of 1 and v2 of 0.
Finally, it is concluded that the Midilli–Kucuk model is
found as the best model which suitably describes the convec-
tion drying behavior of spearmint at constant or variable tem-
peratures between 40 and 55 C.Table 3 Values of the model Midilli–Kucuk coefﬁcients according
Coeﬃcient 40 C 45 C
a 1.02127 098471
k 0.04811 0.02243
b 0.0004 0.0003
n 0.65114 0.826873.3. Characteristic drying curves
Fig. 7 represents the drying curves of dimensionless drying rate
versus the dimensionless water content F= f (MR) for four
temperatures 40, 45, 50 and 55 C which accurately follow a
tendency curve. Eq. (5) represent the polynomial model which
best ﬁts the drying experimental data of spearmint under con-
stant temperatures.
F ¼ 0:004þ 2:2229MR 12:97MR2 þ 33:2MR3
 35:2MR4 þ 13:72MR5 ð5Þ
In Figs. 8 and 9, the characteristic drying curves are traced at
increasing and decreasing variable temperatures. Eqs. (6) and
(7) respectively represent the polynomial model ﬁtting best
the drying experimental data at increasing and decreasing tem-
peratures of spearmint.
F ¼ 0:056þ 1:334MR 7:317MR2 þ 19:96MR3
 25:08MR4 þ 12:01MR5 ð6Þto the temperature.
50 C 55 C 40–55 C
0.99148 1.01218 1.00134
0.01065 0.0315 0.03047
0.00069 0.00076 0.00167
0.94187 0.75588 0.63474
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Figure 9 Dimensionless drying rate versus moisture ratio of
spearmint under decreasing temperatures.
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Figure 10 Characteristic drying curves at constant, increasing
and decreasing temperatures.
6 M. Ayadi et al.F ¼ 0:03þ 0:012MRþ 4:321MR2  13:43MR3
þ 17MR4  7:569MR5 ð7Þ
The expressions of these characteristic drying curves and the
representation of their shapes by Fig. 10 show that those curve
tests at constant and increasing temperatures are very close,
whereas that curve at decreasing temperature is moved a little
away, due to the problem of rehumidiﬁcation which happens
especially in the end of its test. This is adequately conﬁrmed
by comparing the determination of coefﬁcient (R2) and re-
duced chi-square (v2) between these curves in Table 4.
Fig. 10 shows that the curve shift between the three charac-
teristic drying curves is especially for high moisture contents.
Thus, the initial moisture content has a great inﬂuence on
the shape of the CDC which is difﬁcult to respect in practice
with several tests at constant temperatures. That is why only
one test with well deﬁned moisture content and an increasing
variation of the temperature can give a more representativeTable 4 Evaluation criteria of shift between the CD
Shift CDC
Constant temperature – increasing temperature
Constant temperature – decreasing temperatureCDC, than that at constant temperatures with diverse initial
moistures or a decreasing variation of the temperature (prob-
lem of rehumidiﬁcation).
4. Conclusion
In this work, the convective drying kinetics of spearmint under
constant and variable temperatures has been studied experi-
mentally. From the experimental drying curves obtained, it is
noted that only the falling drying rate period exists. Also,
the main factor inﬂuencing the drying kinetics is found to be
the drying air temperature. Drying at increasing variable tem-
perature is found most efﬁcient from the point of view of dry-
ing time and operation cost.
To explain the drying behavior of spearmint, 13 mathemat-
ical models were applied. Among these models, the Midilli–
Kucuk drying model gave the best results with the highest
R2 and the weakest v2. The effect of the drying air temperature
on coefﬁcients of this model was examined.
Characteristic drying curves at constant and variable tem-
peratures, as their expressions were determined and compared
between them. It is found that the initial moisture content has
a very great inﬂuence on the shape of these CDC. It is con-
cluded that it is better to give the CDC starting from only
one test with increasing temperatures than the traditional pro-
tocol with several tests at constant temperatures.
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